Dietary phosphorus restriction is recommended to help control hyperphosphatemia in hemodialysis (HD) patients, but many high-phosphorus foods are important sources of protein. In this review, we examine whether restricting dietary phosphorus compromises protein status in HD patients. Although dietary phosphorus and protein are highly correlated, phosphorus intakes can range up to 600 mg/day for a given energy and protein intake level. Further, the collinearity of phosphorus and protein may be biased because the phosphorus burden of food depends on: (1) the presence of phosphate additives; (2) food preparation method; and (3) bioavailability of phosphorus; which are often unaccounted for in nutrition assessments. Ultimately, we argue that clinically relevant reductions in phosphorus intake can be made without limiting protein intake by avoiding phosphate additives in processed foods, using wet cooking methods such as boiling, and if needed, substituting high-phosphorus foods for nutritionally-equivalent foods that are lower in bioavailable phosphorus.
Introduction
Dietary phosphorus restriction is recommended in patients with chronic kidney disease (CKD) to help manage hyperphosphatemia 1 . However, these recommendations have been met with concerns, often relating to protein-energy malnutrition 2 . These concerns are particularly relevant to patients treated with hemodialysis (HD) because of protein losses in dialysate and greater protein catabolism from metabolic stress 3 .
The Phosphorus-Protein Dilemma
Numerous studies have noted the collinearity of dietary phosphorus and protein, and have developed linear regression equations and lines describing their relationship in CKD patients 2, [4] [5] [6] [7] (Figure 1 , Table 1 ). Based on the published equations or lines, the estimated amount of phosphorus in a diet containing 84 g/d of protein (1.2 g/kg/d 3 for a 70-kg person) is approximately 1,050-1,400 mg/d ( Table 1) . Given the high estimated phosphorus-toprotein ratio of the diet and the strong correlation between dietary phosphorus and protein (R 2 = 0.58-0.84, Table 1 ), many experts have expressed concerns that phosphorus restriction may put patients at-risk of inadequate protein intake with resultant protein-energy wasting 2 . Importantly, these regression equations may understate the problem because nutrient databases underestimate the phosphorus content of foods by approximately 25-30% 8 .
We have explored the phosphorus-protein relationship in the BalanceWise study, a behavioral intervention in CKD patients on thrice weekly HD 9 . At baseline, BalanceWise participants completed three, unscheduled 24-hour dietary recalls in a two-week period, including two weekdays (one dialysis, one non-dialysis) and a non-dialysis weekend day. The dietary recalls were analyzed using the Nutrition Data System for Research® (NDSR) software 10 . To improve estimates, we restricted our sample to participants with all three days of dietary collection (n=140/190) who reported consuming at least 500 kcal/d (n=137/140). As expected, there was a strong correlation between reported phosphorus and protein intakes (R 2 = 0.73, Figure 2b ), and the estimated amount of phosphorus for 84 g of protein greatly exceeded the 800 mg phosphorus target (Table 1) .
Issues with the Dietary Phosphorus-Protein Dilemma
Although many good sources of dietary protein are also high in phosphorus, the phosphorusto-protein ratios of high-protein foods vary considerably, from <5 mg/g (e.g., egg whites) to >30 mg/g (e.g., milk) 11 . Indeed, one common criticism of published phosphorus-protein regression equations is that phosphorus intakes vary considerably (~700 mg/d) for a given protein intake [12] [13] . We evaluated the range of reported phosphorus intakes for given energy (500-999, 1000-1499, 1500-1999 or ≥2000 kcal/d) and protein intake levels (<15, 15-19.9 or ≥20 % of kcal) in the BalanceWise study. As shown in Figure 3 , we found that the highest phosphorus intake was generally about two times greater than the lowest phosphorus intake for a given energy and protein subgroup, and varied more than 600 mg/d for some subgroups.
Perhaps of greater concern than the measured variance in the phosphorus-protein relationship is the unmeasured sources of variance, including confounding and measurement error. Although the correlation of dietary phosphorus and protein appears strong, this relationship is substantially confounded by energy intake -patients who eat more tend to have higher intakes of all nutrients. When adjusting for energy intake using the residual method 14 , the proportion of phosphorus intake explained by protein intake went from 73% ( Figure 2b ) to 17% (Figure 2c ). Similarly, when protein intake was added as an independent variable to the linear regression equation of energy and phosphorus, the proportion of phosphorus intake that was explained by the model increased modestly from 62% to 77%. The relative importance of energy and protein intake in determining dietary phosphorus intakes can also be clearly seen in Figure 3 . Whereas the reported dietary phosphorus intake range increased across the energy intake levels (shown by different colors) for a given protein intake (shown by columns), only a small increase in the phosphorus intake was seen across the different protein intake levels for a given energy intake.
In addition to confounding, as pointed out by Sherman (2007) 13 , the range of dietary phosphorus intake for a given protein intake is greater than observed due to unaccounted for phosphorus from food additives in processed foods. Phosphorus additives are frequently used in both high-protein and low-protein processed foods 11 , but they are difficult to capture by dietary assessment and are often missing from nutrient databases. This omission results in measurement error for phosphorus intake that is likely random with regards to protein intake. Adding to this, cooking method (also unmeasured in many dietary assessments) greatly influences the phosphorus content of food. In particular, discarding the water when using wet cooking methods, such as boiling, can reduce the phosphorus content of beef and poultry by more than half, while retaining most of the protein 15 . Lastly, there is the issue of phosphorus bioavailability, which recently has drawn heightened attention. The bioavailability of dietary phosphorus varies widely from <10% for phytates to almost 100% for inorganic phosphorus, and differs by source (plant ≪ animal ≪ food additives), an important variable that is often not factored into nutrient analyses or dietary recommendations (e.g., consume <800 mg/d) [16] [17] .
The overall measurement error of phosphorus intake estimates was recently assessed using urinary phosphorus as the reference 18 . In this study, although phosphorus intake assessed by weighed food record was moderately correlated with urinary phosphorus (Spearman's rho = 0.53), visual assessment of the scatterplot indicates an even distribution of phosphorus ranging ~1000 mg across all urinary phosphorus levels ( Figure 4 ).
Restricting Dietary Phosphorus Intake
Despite the apparent relationship between dietary phosphorus and protein, reductions in dietary phosphorus can be achieved in many HD patients without compromising protein status. For example, patients can limit or avoid processed foods prepared with phosphorus additives 11 . Importantly, similar phosphorus additive-free items are often available [19] [20] [21] . This approach is estimated to remove up to 600-700 mg of highly absorbed phosphorus per day [20] [21] , and may significantly reduce serum phosphorus in HD patients with hyperphosphatemia 22 . Unfortunately, although most phosphorus additives can be readily identified using the product's ingredients list, their presence may be difficult to discern for foods consumed outside the home or in certain processed items (e.g., enhanced meats) 23 . Further, choosing foods prepared without phosphorus additives may increase food costs by $ 2.00/day 20 . While cost may not be a deterrent for some patients, roughly one-third of HD patients in the BalanceWise study reported that their income did not meet their needs (32%), and/or that they had difficulty affording a healthy diet in the previous two months (39%) 24 .
Another potential target for reducing dietary phosphorus is to increase the proportion of meals that are prepared by the patients themselves. Through self-preparation, patients attain greater control over their dietary intake. This choice should decrease the intake of phosphorus additives 25 , and provides the opportunity to leech phosphorus from foods using wet cooking methods 15 . As an added benefit, this approach limits commercially-prepared foods, which tend to be high in sodium 21, 23, 26 , and wet cooking methods also help remove potassium from foods 27 . Unfortunately, preparing meals from scratch is not the cultural norm in many regions facing high incidence rates of CKD, and may be difficult to sustain, particularly given that most HD patients report being too tired to cook (59%) 24 .
Lastly, substituting foods that are high in phosphorus for similar foods that are lower in phosphorus may help reduce dietary phosphorus without limiting protein. Foods from the dairy food group are known to be very high in phosphorus, and therefore are usually among the targets for dietary phosphorus restriction. However, dairy products tend to be easily prepared and consumed, and are major sources of high biological value protein in the diet. Choosing dairy products that are lower in phosphorus (e.g., cottage cheese, low-phosphorus milk 28 ), higher in protein (e.g., Greek yogurt), or plant-based alternatives that contain less bioavailable phosphorus (e.g., certain soy beverages) may be helpful. Although other substitutions (e.g., egg whites instead of whole eggs) may also be beneficial 29 , such tradeoffs should be pursued cautiously. Substitutions require that patients (and clinicians) consider the bioavailability of phosphorus as well as the other nutrients present in foods to avoid inadvertently compromising nutrition status (e.g., replacing milk with rice milk or almond milk, which are very low in protein and may not be fortified with vitamins A and D, and vitamin B 12 ). In particular, protein-rich plant foods that are high in phytates (e.g., nuts, seeds, beans, peas, lentils) may be suitable substitutes for animal-based protein foods despite having higher phosphorus-to-protein ratios 11 due to their relatively low phosphorus bioavailability [16] [17] . Indeed, when vegetarian and meat diets containing equal amounts of phosphorus and protein were compared in patients with stage 3-4 CKD, serum phosphorus and fibroblast growth factor-23 concentrations were lower after consuming the vegetarian diet. 30 Importantly, too many substitutions may become overwhelming, as many HD patients report difficulty keeping track of nutrients (56%), uncertainty about foods they should be eating (26%), and problems with finding the dialysis diet too complicated (49%) 24
Practical Applications
In this article, we have presented findings suggesting that dietary phosphorus restriction can be achieved in HD patients without compromising protein status ( Table 2) . Eliminating phosphorus additives, preparing food at home using wet cooking methods, and substituting high-phosphorus foods are approaches that may help to lower dietary phosphorus, often without lowering protein intake. None of these approaches is without its challenges, and ultimately, the best approach to reducing dietary phosphorus will vary from patient to patient, and should be based on a thorough nutrition assessment. Renal dietitians are uniquely qualified in this regard, and should counsel patients on how to reduce their dietary phosphorus without compromising the nutritional quality of their diet. It may not be possible to achieve the recommended intake of 800 mg of phosphorus per day while consuming a diet that is both balanced and varied; however, this target may be misleading because it does not account for bioavailability of dietary phosphorus. Given the considerable measurement error, research is desperately needed to improve estimates of dietary phosphorus intake. In the meantime, the associations of dietary phosphorus with kidney disease health outcomes should be interpreted cautiously. 
